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nanoclusters: band filling effect
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We have performed near-field spectroscopy and microscopy of the InAs/AlGaAs quantum-dot-
based nanoclusters. It is observed that the photoluminescence spectra of spatially confined excitons
in the nanoclusters is blue-shifted up to 20 meV as the power density is increased. In particular, the
near-field photoluminescence images have shown that excitons became spatially confined gradually
from lower energy state (1.4150 eV) to higher energy state (1.4392 eV) as the excitation power is
increased, which is indicative of the band-filling effect of semiconductor nanostructures.
The potential applications of semiconductor nanos-
tructures to optical nano-devices have been actively in-
vestigated. In particular, self-assembly growth of semi-
conductor quantum dots (QDs) has been the research fo-
cus as a method to fabricate optical nano-devices. In
order to integrate semiconductor QDs into the nano-
devices, their optical properties should be characterized
on various conditions. Among the optical properties
of semiconductor QDs, the band-filling effect [1, 2, 3]
is an interesting phenomenon, in particular, in low-
dimensional systems for which the filling efficiency is en-
hanced. In this case, all the available states of the lower
exciton energy are fully occupied under strong optical
pumping. Thus a large number of confined excitons are
pumped to the higher states and then relax radiatively
to the ground state.
Previous works [1, 2, 4] on semiconductor QDs have
reported an interesting blueshift of the emission spectra
due to the band-filling effect as the excitation power is
increased. However, it is difficult to achieve the high spa-
tial as well as spectral resolution in optical images of the
semiconductor nanostructures by using the conventional
optical characterizing techniques. [4, 5, 6] Therefore it
is necessary to employ near-field scanning optical mi-
croscopy (NSOM) for the spatially resolved optical mea-
surement of semiconductor nanostructures. [7, 8, 9, 10]
In this Letter, we report on the near-field photolu-
minescence (PL) spectroscopy and microscopy of the
InAs/AlGaAs QD-based nanoclusters of several hundred
nm in size by using NSOM. [10, 11] In particular, we have
observed the blueshift of the PL spectra as well as the
gradual increase of the dominant PL energies with the
excitation power, which manifests the band-filling effect
of InAs/AlGaAs QD-based nanoclusters.
The InAs/AlGaAs QD-based nanoclusters were fabri-
cated as follows. First, the InAs/AlGaAs QD structure
was grown on a 100 nm thick GaAs buffer layer pre-
pared on a GaAs (100) substrate as shown in Fig. 1.
The InAs QDs were embedded in a 50 nm thick Al-
GaAs cladding layer. An additional 5 nm thick GaAs
capping layer was also grown by molecular beam epi-
taxy. The density of the InAs QDs is typically about
5.5 × 1010cm−2. [12] Then, by dry etching of the QD
structure by using an inductively coupled plasma reac-
tive ion etcher (RIE) [13], InAs/AlGaAs QD structure
was etched down to the boundary region between the
InAs QDs and the lower AlGaAs barrier. Note that dur-
ing the etching process, the etched surface is not usually
smooth in the nano-scale, which results in the nanoclus-
ters containing isolated InAs/AlGaAs QDs as shown in
Fig. 1.
For optical pumping of QDs, a Ti:Sapphire laser
was used, which was operated at the photon energy of
1.67 eV. This laser light was coupled to a single-mode op-
tical fiber and guided to a chemically etched sharp fiber
tip, where an 100-nm gold-coated aperture was fabri-
cated. [14] Such a nanometer-scale light source generated
by the aperture-fabricated fiber probe makes it possible
to excite nanoclusters in small area with nanometer-scale
position selectivity. The resulting PL was collected by
the same fiber so that any loss of spatial resolution due
to diffusion could be minimized. [9, 10] Both the sam-
ple and the fiber probe were enclosed in a cryostat and
kept at 77 K. The PL was dispersed by a monochroma-
tor with 0.3 meV spectral resolution and detected by a
liquid-nitrogen-cooled charge-coupled device camera to
achieve high signal-to-noise ratio.
Figure 2(a) shows the PL spectrum of an InAs/AlGaAs
QD-based nanocluster by employing NSOM. Although
the PL peaks of single InAs QDs (marked by arrows in
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FIG. 1: Several hundred nanometer-sized clusters that con-
tain InAs/AlGaAs QDs, fabricated by dry etching method.
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FIG. 2: (a) Time-integrated PL spectra with collection time
of 10 s at 77 K. (b) Two-dimensional spatial images of near-
field PL, obtained at 1.4271 eV PL energy. The scan area is
6 µm× 6 µm.
Fig. 2(a)) are superimposed on the broad background
emission spectrum, they are not clearly resolved due to
inhomogeneous broadening at relatively high tempera-
ture (77 K). Note that in order to perform high-resolution
single QD spectroscopy at this temperature, both an
apertured probe with a few hundred nm in diameter and
a sample with a masking layer having a few hundred nm
apertures are necessary, which reduce the number of ex-
cited single QDs as well as the transmission of the excita-
tion laser, as reported in Ref. 10. The spatial PL image
of the nanoclusters was also obtained and presented in
Fig. 2(b), where the selected PL energy is 1.4271 eV and
the scan area is 6 µm×6 µm. The full width at half max-
imum (FWHM) along the horizontal axis of the bright
objects marked by the arrows A, B, and C in Fig. 2(b)
are 941, 1135 and 1471 nm, respectively. It indicates
that the nanoclusters were formed nonuniformly during
the etching process.
Figure 3(a) presents the normalized PL spectra of a
QD nanocluster obtained by increasing the excitation
power density from P0 to 19P0, where P0 is 8.6 kW/cm
2.
As can be observed, the blueshift (∼ 17 meV) and the
linewidth broadening (∼ 6 meV) are obtained as the ex-
citation power is increased. For example, the center en-
ergy of the PL spectrum is shifted from 1.4175 eV at
P0 to 1.4335 eV at 19P0. The inset of Fig. 3(b) shows
the unnormalized PL spectra of QD nanocluster as the
excitation is increased from P0 to 10P0. Note that one
can clearly observe the plateau region of the PL spec-
trum (≥ 1.4315 eV) becomes increasingly broadened and
also the PL intensity is enhanced with the excitation
power density. Figure 3(b) shows the intensity saturation
for the lower PL energy states (1.4150 and 1.4199 eV)
as well as the intensity increase for the higher states
(1.4315 and 1.4392 eV) with the power density from P0 to
19P0. Note that these phenomena are well known char-
acteristics of the band-filling effect, as reported by other
works. [1, 2, 3, 4, 5, 6] Note also that a possible tempera-
ture increase of QD-nanocluster due to the heated probe
at high excitation level may result in redshift of the PL
spectra [15], which may eventually limit the blueshift of
PL spectrum.
Figure 4 shows the two-dimensional spatial PL images,
obtained for several energy states (marked by the arrows
in Fig. 3(a)) of the nanocluster with respect to the exci-
tation power density. The near-field PL images were ob-
tained at 25 nm interval in 2 µm×2 µm scan area by using
the 100-nm apertured fiber probe. [10, 11] Note that, in
Fig. 4, the intensities of the PL images are displayed on
the same scale for each excitation level from P0 to 19P0.
The average FWHM along the horizontal-axis of the PL
images is about 600 nm. As can be observed, excitons be-
come spatially confined gradually from lower energy state
(1.4150 eV) to higher energy state (1.4392 eV) as the ex-
citation power is increased from P0 to 19P0, which may
be attributed to the band-filling effect of semiconductor
nanostructures. In order to have a quantitative under-
standing of the various PL images presented in Fig. 4,
we present the analyzed excitation-level dependence of
the intensity as well as the FWHM of the PL images in
Fig. 5.
Figures 5(a) and (b) show that the intensity of the
PL images is saturated as the excitation power density
is increased, whereas the FWHM is gradually increased.
This indicates that the PL images at 1.4150 and 1.4199
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FIG. 3: (a) Time-integrated PL spectra of an InAs/AlGaAs
QD-based nanocluster, collected for 1 s at 77 K, as the exci-
tation power density is increased from P0 to 19P0. (b) The
excitation power-density dependence of the intensity of the
PL spectra of the QD-based nanocluster. The inset shows
the unnormalized PL spectra of the nanocluster as the exci-
tation power density is increased from P0, to 10P0.
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FIG. 4: Two-dimensional near-field PL images obtained at
different excitation levels and PL energies of 1.4150, 1.4199,
1.4315 and 1.4392 eV, as respectively marked by the arrows
in Fig. 3(a). The scan area is 2 µm× 2 µm.
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FIG. 5: Excitation power density dependence of the intensity
and the FWHM of the spatial PL images shown in Fig. 4.
eV energy in Fig. 4 are dispersed and spread with the
excitation power density. In case of Figs. 5(c) and (d),
on the other hand, the intensity increases more rapidly
than in Figs. 5(a) and (b). Especially, the PL intensity
at 1.4392 eV in Fig. 5(d) increases almost monotoni-
cally, in contrast to the height decrease or saturation for
other energy states in Figs. 5(a), (b), and (c), at a given
excitation level of 19P0. Moreover, the FWHM and its
measurement uncertainty in Figs. 5(c) and (d) decrease
rather rapidly at the excitation power density from P0
to 3P0, but the FWHM starts increasing above 3P0 exci-
tation. These results indicate that while the PL images
at 1.4315 and 1.4392 eV energies in Fig. 4 appear at the
excitation level from P0 to 3P0, the confining ratio of the
excitons in these energy states (1.4315 and 1.4392 eV)
is enhanced beyond 3P0. In other words, Fig. 4 shows
that the dominant PL energies from the InAs/AlGaAs
QD-based nanocluster are gradually changed from the
lower energy states to the higher energy ones with the
excitation pumping level.
In conclusion, we have studied the band-filling effect in
the InAs/AlGaAs QD-based nanoclusters, as observed by
modification of the spatial distributions of the PL images.
In particular, the PL energy states of the nanoculster
are gradually changed from the lower energy states to
the higher energy states at a proper excitation pumping
level. The present work may be useful in application of
tunable energy states to optical nano-devices.
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